Production and secretion of the constituents of saliva are under neural and hormonal regulation. Water and electrolyte secretion is controlled largely by the parasympathetic system, acting on muscarinic cholinergic receptors. Protein synthesis and secretion are regulated mainly by the sympathetic system, acting via b-adrenergic receptors.
Stimulation of b-adrenergic receptors activates adenylyl cyclase, increasing intracellular cyclic AMP levels and activating cyclic AMP-dependent protein kinase (PKA). Following PKA activation in parotid acinar cells, the regulatory and catalytic subunits undergo compartmental shifts (Mednieks & Hand 1982) . Specific protein phosphorylation by PKA leads to exocytosis (Butcher & Putney 1980) , as well as activation of transcription factors that regulate the expression of several salivary gland genes (Zhou et al. 1997) . Chronic treatment of rodents with the b-adrenergic agonist isoproterenol results in decreased levels of amylase and parotid secretory protein (PSP) mRNA and protein (Poulsen et al. 1986; Kim et al. 1989; Vugman & Hand 1995) , and increased synthesis of proline-rich protein (PRP) mRNA and protein (Fernandez-Sorensen & Carlson 1974; Mehansho et al. 1985) by parotid acinar cells. In the submandibular gland (SMG), chronic isoproterenol treatment causes increased synthesis of PRPs, cystatin and mucin, and decreased synthesis of glutamine ⁄ glutamic acid-rich protein (Humphreys-Beher 1985; Matsuura & Hand 1991; Bedi 1993) .
Gene expression in salivary glands is also affected by insulin. Studies of the salivary glands in experimental type 1 diabetes mellitus (DM1) showed that amylase protein (Anderson 1983; Szczepanski et al. 1998 ) and mRNA levels (Kim et al. 1990 ) decreased about 50% in the rat parotid, and were restored by insulin treatment. Epidermal growth factor protein and mRNA levels are substantially reduced in diabetic mice (Kasayama et al. 1989) . Other salivary proteins, such as the kallikrein-like proteases (Chan et al. 1993) , PRPs and PSP (Szczepanski et al. 1998) , also show modest decreases in diabetes. The levels of salivary peroxidase, however, increase approximately twofold in diabetes (Anderson & Shapiro 1979) . The role of insulin in regulating the expression of other salivary proteins is largely unknown.
In humans, DM1 has significant deleterious effects in virtually all tissues. Oral complications of DM1 include an increased burden of mutans streptococci and lactobacilli and increased caries risk (Twetman et al. 2002; Syrjala et al. 2003; Bolgul et al. 2004) , increased oral yeast counts (Karjalainen et al. 1997) , increased mucosal abnormalities and infections (Guggenheimer et al. 2000) and increased frequency of periodontal disease (Lö e & Genco 1995) . Changes in salivary gland function include gland enlargement (Davidson et al. 1969; Donath & Seifert 1975) , reduced salivary flow rates and altered composition (Ben-Aryeh et al. 1988; Rossie 1993; Moore et al. 2001; Mata et al. 2004) .
Most studies of salivary glands in experimental diabetes have used the rat model of DM1 (Cutler et al. 1979; Anderson 1983; Hand & Weiss 1984; Lotti & Hand 1988; Szczepanski et al. 1998) . These and other studies have shown significant morphological and functional changes in diabetic salivary glands, including altered secretory protein expression, accumulation of lipid droplets in secretory cells, decreased response to parasympathetic ⁄ cholinergic stimulation, increased autophagy and lysosomal activity, endocytosis of secretory proteins by duct cells and accumulation of basement membrane material.
This study was undertaken to examine the effects of DM1 on the expression and intracellular localization of selected secretory and regulatory proteins in the rat parotid and SMG. The proteins studied include PRPs, SMG mucin (Muc10) and the type I (RI) and type II (RII) regulatory subunits of PKA. The long-term goal was to identify secretory protein markers that will allow evaluation of specific cell types or cell functions that may be altered during the onset and progression of diabetes.
Methods

Animals
Viral antibody-free male NIA-Fischer 344 rats, 2-3 months old, were purchased from Harlan Industries (Indianapolis, IN, USA) and housed in plastic microisolator cages in the Center for Laboratory Animal Care, University of Connecticut Health Center (UCHC). Standard rat chow and water were provided ad libitum. All animal procedures were approved by the UCHC Animal Care Committee and carried out according to NIH guidelines.
Induction and monitoring of diabetes
The rats were randomly assigned to three groups: (i) diabetic, (ii) diabetic plus insulin treatment and (iii) control. Diabetes was induced by a single intraperitoneal injection of streptozotocin (STZ; Sigma Chemical Co., St Louis, MO, USA), 35-40 mg ⁄ kg body weight, in 0.01 M citrate buffer, pH 4.5. Control animals were either untreated or injected with citrate buffer. In initial experiments, no differences were observed between uninjected and vehicle-injected controls, thus the control animals included in this report were from the uninjected group. Three days after STZ administration, a drop of blood was obtained from the lateral tail vein, and the blood glucose level was determined using a One-Touch II glucometer (LifeScan, Milpitas, CA, USA). Thirty days after induction of diabetes, rats in the diabetic and control groups were killed for tissue collection. Rats in the diabetic plus insulin group were treated by subcutaneous injection of recombinant human (Lente) insulin (Novo Nordisk, Bagsvaerd, Denmark), 10 units ⁄ day, for 7 days. When the rats were killed, blood was obtained from the heart; blood glucose was determined using the hexokinase assay (Sigma) and serum was obtained for determination of insulin levels using a radioimmunoassay kit (ICN ⁄ MP Biomedicals, Irvine, CA, USA).
Morphological studies
The salivary glands were fixed by vascular perfusion of anaesthetized rats (Ketamine ⁄ Xylazine, 100 mg ⁄ 10 mg per kg, or sodium pentobarbital, 50 mg ⁄ kg) with 1% glutaraldehyde (Polysciences, Warrington, PA, USA) in 0.1 M sodium cacodylate buffer, pH 7.4, via a cannula placed in the ascending aorta. After 5-10 min, the glands were excised and immersed in fresh fixative solution for 1 h at room temperature, rinsed in 0.1 M cacodylate buffer and stored at 4°C until processing could be completed.
Small pieces of glutaraldehyde-fixed salivary gland tissue were postfixed in 1% osmium tetroxide-0.8% potassium ferricyanide in 0.1 M cacodylate buffer, pH 7.4, stained in block with 1% aqueous uranyl acetate, dehydrated in graded ethanols and embedded in PolyBed epoxy resin (Polysciences). Randomly selected tissue blocks from two animals at each time point were used to prepare sections for light and electron microscopic study. Thin sections were cut with a diamond knife, collected on 200-mesh copper ⁄ rhodium grids, stained with uranyl acetate and lead citrate and examined in either a Philips CM10 (Philips Electron Optics, Eindhoven, The Netherlands) or JEOL 100CX (JEOL Ltd., Tokyo, Japan) transmission electron microscope (TEM).
Immunogold labelling
The cellular localization and relative amounts of the rat salivary proteins were determined in the glands of control, diabetic and insulin-treated animals by electron microscopic immunogold labelling using published procedures (Hand 1995) . Briefly, glutaraldehyde-fixed tissues were embedded in PolyBed resin without osmium postfixation and uranyl acetate block staining. Thin sections (approximately 70 nm) were collected on 200-mesh nickel grids, blocked with either bovine serum albumin (BSA)-normal serum in phosphate-buffered saline (PBS) or a mixture of ovalbumin, fish gelatin and Tween 20 in Tris-buffered saline (TBS) and incubated with primary antibody diluted in blocking solution. The primary antibodies used were a rabbit polyclonal antibody to rat PRP (Ziemer et al. 1982) , a mouse monoclonal antibody to rat SMG mucin (Moreira et al. 1989 ) and a rabbit polyclonal antibody to rat salivary RII (Szczepanski et al. 1998; Mednieks et al. 2008) . Following incubation with the primary antibody, the sections were rinsed with PBS, and then incubated with 10 or 15 nm gold-labelled goat anti-rabbit or antimouse IgG (Amersham, Arlington Heights, IL, USA). The sections were stained with uranyl acetate and lead citrate, and observed in the TEM.
To determine the intracellular concentration and distribution of the specific secretory proteins, cells were selected on the TEM viewing screen at low magnification, so that the gold particles were not visible. Photographs were then taken at a magnification of 10,000-16,000·, and the developed negatives were photographically enlarged and printed. The immunogold labelling density (gold particles ⁄ lm 2 ) in secretory granules, nuclei and cytoplasm was quantitated on prints using a digitizing tablet and SigmaScan software (Jandel, Corte Madera, CA, USA). Non-specific binding was measured over areas of empty plastic adjacent to tissue. Statistical evaluation of the data was performed using oneway anova to determine if differences in labelling densities among control, diabetic and insulin-reconstituted samples were statistically significant. Specific differences between the sample means were tested for statistical significance using Bonferroni and Tukey post-hoc tests.
Biochemical analyses
Salivary glands were excised from anaesthetized rats, dissected free of surrounding fat and lymph nodes, frozen on dry ice and stored at )80°C. The tissues were minced with scissors and homogenized with a Dounce homogenizer in 0.32 M sucrose, 0.05 M Tris-HCl, pH 7.5, 10 )7 M MgCl 2 , containing protease inhibitors (1 lM phenylmethylsulphonyl fluoride ⁄ benzamidine) and then centrifuged at 600 g for 10 min. The operations were carried out at room temperature, but the tissues and tissue components were kept on ice.
Electrophoresis and Western blotting
In general, the analytical procedures were as described elsewhere (Szczepanski et al. 1998) . Proteins were separated using denaturing polyacrylamide gel electrophoresis 
Photoaffinity labelling
The proteins of the 600xG supernatant fraction of the parotid and SMG were photoaffinity labelled with the cyclic AMP analogue, 32 P-8-azido-cyclic AMP (ICN ⁄ MP), according to previously published methods (Haley 1977; Mednieks & Hand 1984; Mednieks et al. 1987) 1 The labelled proteins were separated by modified methods of PAGE (Laemmli 1970; Mednieks et al. 2008 ) and transferred to NC membranes (Towbin et al. 1979) . These membranes were stained with Coomassie Blue dye to show the banding pattern, and then exposed to X-Omat film (Kodak, Rochester, NY, USA) to identify radioactive bands by autoradiography. The films were scanned and the relative protein concentration per electrophoretic band was determined by densitometry of the digitized banding patterns compared with that of controls, using public domain software, NIH Image. Data were transferred to an EXCEL spread sheet and its software used for statistical analysis and graphing functions.
Results
Physiology and morphology
Physical observation and physiological tests confirmed that STZ injection resulted in symptoms of DM. Polydipsia, polyphagia and polyuria were seen in all diabetic rats, and the mean body weight of diabetic rats decreased 18.5% from the initial weight. One month after the induction of DM, the mean serum glucose level of diabetic rats was about 3.5 times greater than that of control animals ( Table 1) , and their mean serum insulin level was about 20% that of control rats. After insulin treatment for 7 days, the mean serum glucose level was still about 2.5-fold greater than that of control animals, while the mean serum insulin level was about 60% greater than in diabetic animals. Insulin treatment of diabetic animals led to an increase in body weight of about 13%. These results showed that the experimental animals were rendered diabetic by STZ, and were partially stabilized by the administration of insulin. At the ultrastructural level, a number of morphological changes were evident in the parotid and SMG of diabetic rats. The abnormalities were similar to those described previously (Cutler et al. 1979; Anderson 1983; Hand & Weiss 1984) . Compared with controls, the acinar cells of diabetic rats exhibited variability in the density and structure of secretory granules, increased numbers of lysosomes and autophagic vacuoles, lipid droplets in the basal cytoplasm and folding and redundancy of their basal laminae (Figures 1  and 2 ). Parotid acinar cells occasionally contained crystalloid structures that appeared to form within autophagic vacuoles (Figure 1) , consistent with previous observations (Hand & Weiss 1984) . Morphological changes in diabetic human salivary glands, generally classified as sialadenosis, include enlarged acinar cells, alterations in secretory granule density, accumulation of lipid droplets and degeneration of autonomic axons (Donath & Seifert 1975) . Thus, the Table 1 The effects of experimental diabetes and insulin treatment on serum glucose and insulin levels and body weight
Body weight change % ± SEM (n) Control 167 ± 10.8 (6) 58.9 ± 15.3 (3) +15.3 ± 2.22 (6) Diabetic 605 ± 45.1 (15)* 12.8 ± 1.25 (7) )18.5 ± 2.57 (15)* Insulin-treated 436 ± 46.2 (21)* 20.7 ± 2.40 (7) +12.8 ± 2.03 (8)* à *Significantly different from control, P < 0.001. Reduction in initial weight. à Increase in weight from diabetic to insulin-treated state.
1 In principle, the photoaffinity labelling of cyclic AMP receptor proteins (cARP) is based on the following interactions:
where R represents regulatory (either type I or type II) and C catalytic subunits, observed changes in oral tissues of the experimental animals are similar to the diabetes associated pathology reported in humans.
Immunocytochemistry
Immunocytochemical analyses provided an assessment of tissue and cellular protein localization and concentration.
Immunogold labelling of thin sections with antibodies to acinar cell secretory proteins revealed changes in labelling densities of secretory granules in diabetic compared with control rats. As shown previously, labelling for amylase decreased about 50% in the diabetic parotid, compared with control (Lotti & Hand 1988; Szczepanski et al. 1998) . Labelling for PRPs (Figure 3) was decreased approximately 30% in both the diabetic parotid and SMG (Table 2) . Labelling for mucin (Muc10) (Figure 4 ) in the diabetic SMG was decreased approximately 40% (Table 2) . Insulin reconstitution had little effect on labelling densities in the parotid or the SMG (Table 2) . It should be noted that in previous experiments, insulin treatment effectively restored the amylase content of pancreatic zymogen granules from about 2% to approximately 60% of untreated control rats (Szczepanski et al. 1998) . The distribution of PKA R subunits differs between the parotid and SMG. Immunogold labelling of secretory granules with antibody to RII was similar in control and diabetic parotids, whereas nuclear and cytoplasmic labelling was decreased in diabetic acinar cells. Insulin treatment decreased labelling of secretory granules, but partially restored nuclear and cytoplasmic labelling (Szczepanski et al. 1998 ). In the SMG, the RII labelling density of secretory granules was about one-tenth of that in the parotid, and showed a further decrease after insulin treatment (Table 3) . Labelling of SMG acinar cell nuclei of control rats with anti-RII antibody was similar to that seen for the parotid gland, showed little change as a result of diabetes ( Figure 5 ), but was significantly decreased following insulin (a) (b) Figure 3 Immunogold labelling of control (a) and diabetic (b) parotid secretory granules with anti-PRP. Labelling density is decreased in diabetic glands. Scale bar = 0.5 lm. More dramatic changes were seen in the protein patterns of the SMG. In the high molecular size regions, >70 kDa, a large band appeared split in the diabetic, D, compared with control, C, and was restored to a single band by the administration of insulin, D + I (Figure 6, panel a) . Densitometry of the SMG protein bands showed that in addition to the split main band, a great deal of heterogeneity resulted from experimental diabetes (Figure 6, panel c) . Similarly, the median mobility range proteins, 30-70 kDa, were significantly altered where a triplet set of bands was converted to a doublet and back to a triplet after reconstitution with insulin. The SMG tissue extracts from the insulin reconstituted animals showed a return to the control pattern with only a very thin second band remaining as part of the major protein. These results indicate that salivary gland protein production is significantly affected by diabetes and that treatment with insulin largely restores the profiles to those of normal controls.
Electrophoresis, Western blotting and photoaffinity labelling
Salivary gland proteins PRP and R subunits of PKA, and their distribution in the SMG and parotid were identified using Western blotting and photoaffinity labelling respectively. Only small amounts of PRP were present in the SMG, whereas prominent bands of PRP were present in the parotid. A decrease of PRP occurred in the diabetic parotid compared with that in control, and a substantial increase after insulin treatment ( Figure 7, panel a) . Densitometric measurements of the Western blots confirmed the marked alteration of PRP in the parotid gland (Table 4) ; identical changes were seen in three consecutive experiments. In the SMG, PRP was not highly expressed and was largely unaffected by diabetes (Table 4) . Panel b, Figure 7 , shows the distribution of R subunits using photoaffinity labelling to be predominantly RI in the SMG, while the parotid has mainly RII (with the same relative mobility as the commercial RII standard) and trace amounts of RI. The bands labelled RI, RII and Rfr in Figure 7 , and the densitometric values shown in Table 5 , are all R subunits of PKA or faster moving components, presumably proteolytic fragments of RI. These have cyclic AMP binding sites, indicated by 32 P-labelled cyclic AMP covalently bound to the fragments by photolysis (see footnote in Methods). Table 5 shows that in the SMG, total RI subunit values were lower in DM compared with that in control, 186.28 vs. 102.2. There were no measurable amounts of RII in the SMG. In the parotid, differences in RII between control and diabetic glands were not significant. The densitometric measurements of SMG R subunits showed a response to DM by apparent increases in fragments of RI (Table 5) . The values for RII in the parotid were not changed when control and diabetic samples are compared. Reconstitution of the diabetic animals with insulin resulted in a large increase of RI and its fragments in the SMG compared with that in the normal as well as the diabetic (Figure 7 ). In the parotid, a significant increase in RII occurred in the insulin reconstituted diabetic. The effects of DM on a molecular level appear considerable, with (a) (b) Figure 7 Identification of salivary gland proteins and their distribution in the SMG and parotid glands. PRPs and the R subunits of cyclic AMP-dependent protein kinase were identified using Western blotting and photoaffinity labelling respectively. Panel (a) shows that only trace amounts of PRP are present in SMG, whereas bands consistent with the mobility of PRP are present in the parotid with a decrease in the diabetic (D) compared with control (C) and substantial increase after insulin treatment (I), shown on the abscissa. Panel (b) shows the distribution of R subunits in the SMG to be exclusively RI and its fragments, while the parotid has RII with trace amounts of RI. In panel (a), the molecular sizes in kDa (left ordinate) were calculated from the relative mobilities of coloured markers (lane M). In panel b, lane M is a standard marker for RII (commercial reagent derived from bovine heart). The densitometric values are in arbitrary units; data from one of three consecutive experiments in which the standard error did not vary more than ±5%. significant changes in R subunits and an apparent increase in the formation of smaller molecular weight fragments in the SMG, and an increase in RII in the diabetic parotid supplemented with insulin.
Discussion
Effects of diabetes on salivary proteins
The present results and our previous findings indicate that a variety of important secretory proteins in the salivary glands are affected by STZ-induced DM. In the parotid, the expression of amylase, PRP and PSP is significantly reduced. In the SMG, PRP and mucin expression is reduced. Salivary amylase initiates the digestion of starches; DM-related reduction in salivary, as well as pancreatic amylase (Korc et al. 1981; Szczepanski et al. 1998) , therefore, would tend to reduce the availability of glucose for absorption in the intestine. Members of the PRP family bind certain toxic dietary components, such as tannins, and reduce their absorption in the intestine (Bennick 2002) . Acidic PRPs bind to the tooth surface as part of the salivary pellicle. By binding calcium, they help to maintain mineral homeostasis and promote enamel remineralization after initial caries attack (Van Nieuw Amerongen et al. 2004) . PSP is a member of the PLUNC ⁄ LBP ⁄ BPI protein family, which recently has been shown to have antimicrobial and anti-inflammatory activity (Bingle & Gorr 2004) . Mucins coat the oral tissues, provide lubrication and modulate the oral microbial flora (Tabak 1995) . The reduced levels of these proteins would be expected to have deleterious effects on the digestive, antimicrobial and protective functions of saliva. This study demonstrates significant differences in PKA R subunit expression in the parotid compared with that in the SMG, as well as differences in their response to DM and insulin treatment. In the SMG, the decrease in RII due to diabetes is not reversed by a 7-day treatment with insulin, whereas in the parotid, nuclear RII levels are partially restored. This indicates that the effects of insulin vary depending upon the tissue, cell type, organelle and specific protein.
Photoaffinity labelling, which identifies exclusively cyclic AMP binding molecules, showed mainly RII to be present in the parotid, whereas only RI and a considerable number of smaller size fragments were seen in the SMG. This may be due to a greater abundance of proteases in the SMG, particularly those released from the granular duct cells (Gresik 1994) . Although no significant difference in total RII was seen in tissue extracts of the diabetic parotid, reduced RI in the diabetic SMG suggests that protein phosphorylation may be altered. In human and animal salivary glands, RII is present in secretory granules and is released into saliva (Mednieks & Hand 1982 Mednieks et al. 1987) , where it may function to bind cyclic AMP in the oral cavity; changes due to DM thus may alter the oral environment.
Intracellular signalling, effects of diabetes
Insulin and cyclic AMP signalling responses are mediated by different pathways and generally are opposite in action. Nevertheless, like insulin, cyclic AMP regulates the transcription of many genes, several of which are also regulated by insulin (O'Brien & Granner 1996) . Intracellular signalling involving cyclic AMP, initiated by binding of catecholamine or peptide hormones to cell surface G-protein-coupled receptors, such as b-adrenergic or glucagon receptors, regulates cell function. In many secretory cells, such as the salivary glands, cyclic AMP signalling regulates exocytosis (Butcher & Putney 1980) .
Interactions of insulin with cyclic AMP signalling pathways include regulation of adenylyl cyclase and phosphodieserase activities, regulation of the activity and ⁄ or expression of several enzymes involved in glucose metabolism, regulation of the expression of several secretory proteins and stimulation or modulation of cell growth and differentiation. An example of the influence of insulin signalling on the cyclic AMP pathway is its effect on phosphodiesterase (PDE) activity. In diabetes, cyclic AMP PDE activity is decreased in adipocytes (Solomon 1975) . Cyclic AMP accumulation after in vitro b-adrenergic stimulation is greater in diabetic compared with that in control parotid acinar cells (Anderson & Bevan 1992) . There also may be interaction of cyclic AMP and insulin at specific metabolic sites as has been shown in liver (Houslay 1986 ) and adipocytes (Ohsaka et al. 1997) . As elevated cyclic AMP levels are associated with altered expression of amylase and other secretory proteins, the changes seen in salivary gland gene expression in diabetes, in addition to the direct effects of insulin, could reflect changes in cyclic AMP metabolism. Such changes can be monitored ⁄ followed by measuring the expression of cyclic AMP binding proteins. The changes in PKA R subunits due to DM may be a mechanism by which compromised badrenergic ⁄ cyclic AMP signalling affects salivary glands and other tissues.
The findings in this study indicate that the oral pathology encountered in human diabetes may be related to changes in the oral environment, which in turn may be the consequence of critical alterations of secretory protein synthesis and ⁄ or secretion. Modifications in specific (secretory) proteins as well as total protein electrophoretic banding patterns were shown to be significantly different in DM when compared with that in controls. As rat parotid glands are structurally (Riva & Riva-Testa 1973) and functionally (Nakamoto et al. 2007 ) similar to the human parotid, their use therefore as models in studies of structure ⁄ function modification may be applicable to human salivary physiology and disease.
